INTRODUCTION {#sec1-1}
============

Nephrotoxicity is one of the serious dose-limiting complications of methotrexate (MTX) when used in the treatment of various malignancies including leukemias and lymphomas, and nononcologic diseases such as rheumatoid arthritis, psoriasis, and refractory inflammatory bowel disease.\[[@ref1][@ref2][@ref3]\] Children appear to be at a higher risk of nephrotoxicity than adults because of metabolic differences associated with maturation.\[[@ref4]\] MTX treatment significantly decreased glomerular filtration rate (GFR) and may cause albuminuria in pediatric cancer patients several years after treatment.\[[@ref3]\] There are different clinically available methods to measure in biological fluids.\[[@ref5]\] To quantify MTX metabolites, high performance liquid chromatography is the preferred assay technique.\[[@ref6]\]

High-dose administration of MTX in oncology can lead to direct tubular toxicity and subsequent renal failure.\[[@ref7]\] A recent study showed that poly (adenosine diphosphate-ribose) polymerase (PARP) activity plays a substantial role in MTX-induced nephrotoxicity.\[[@ref2]\] It is interesting to note that nicotinamide adenine dinucleotide (NAD+) is required as a substrate for generating adenosine diphospate-ribose monomers. The overactivation of PARP may deplete the stores of cellular NAD+ and induce a progressive adenosine 5'-triphosphate (ATP) depletion. Glucose oxidation is inhibited, and necrotic cell death is observed.\[[@ref8]\] Reactive oxygen species (ROS) can result in activation of mitochondrial membrane permeability and loss of its potential (ΔΨm), leading to cell death.\[[@ref7][@ref9]\] Thus, oxidative stress, through different pathways, plays a significant role in renal damage caused by MTX.

N-acetylcysteine (NAC) is a sulfhydryl source for glutathione (GSH) synthesis and acts as a thiol antioxidant by scavenging ROS such as O~2~•-, H~2~O~2~, and •OH. NAC also acts as a nucleophile for the direct nonenzymatic detoxification of reactive, electrophilic metabolites. NAC provides protection as a GSH precursor, increasing its synthesis, and replenishing its stores. It also increases GSH-S-transferase activity, as well as neutralizes free radicals through its nucleophilic activity.\[[@ref9][@ref10][@ref11][@ref12][@ref13]\] It is currently used as an antidote for acetaminophen overdose and as a topical antimucolytic agent.\[[@ref12][@ref13]\] NAC has demonstrated protective effects on the kidneys in ischemia/reperfusion injury and CP- and cyclosporine-induced nephrotoxicity in experimental systems.\[[@ref14][@ref15][@ref16]\] In some studies, NAC is used in patients on high-dose chemotherapy with ifosfamide and cis-platinum.\[[@ref17]\] NAC is a promising agent against MTX-induced renal damage,\[[@ref1]\] but the question remains whether NAC also protects tumor cells. MTX is widely used for the treatment of B-cell lymphoma.

We investigated the hypothesis that NAC provides renoprotection by decreased oxidative stress damage in renal proximal tubular epithelial cells (Madin-Darby canine kidney \[MDCK\]-cells). Evaluate whether the use of NAC does not compromise the anticancer activity of MTX, while providing renoprotection. In addition, we evaluated whether the use of NAC does not compromise the anticancer activity of MTX, while providing renoprotection.

METHODS {#sec1-2}
=======

Cell culture {#sec2-1}
------------

The cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA): SuDHL-4, B-cell lymphoma, (ATCC^®^ CRL-2957™) and MDCK (NBL-2), kidney cell with characteristics of distal epithelial cells (ATCC^®^ CCL-34™). All cells were employed with the media and conditions provided by ATCC manufacture instruction. The cells were subcultured every 3 days by trypsinization using 0.25%, 0.03% EDTA. The cells were grown to 70-80% confluence with monolayer appearance.

Treatment conditions {#sec2-2}
--------------------

In the experiments, SuDHL-4 and MDCK cells were exposed to MTX (10 μM or 100 μM) and/or NAC (0.2 and 0.4 mM) for 1, 4, 8, 12, and 24 h after culture achieved 70% confluence. The cell growth media was changed daily. Normal saline exposure served as a control.

Cell proliferation assay {#sec2-3}
------------------------

Cellular viability for SuDHL-4 cells were assessed by using BURdu cell proliferation ELISA kit (Abcam^®^, Cambridge, MA, USA). For SuDHL-4 cells, two types of controls were used to ensure the validity of the experiment. For control 1, (blank) only tissue culture media without cells was used. For control 2, culture media with cells was used, but BrdU reagent was not added. Cells were seeded in different treatment conditions in sterile 96 well tissue culture plates at 2 × 10^5^ cells/ml in 100 μl/well in respective culture media along with both controls. Proliferation assay was performed in triplicates as per manufacturer instruction. Plates were read using a spectrophotometric microtiter plate reader set at a dual wavelength of 450/550 nm.

Apoptosis {#sec2-4}
---------

Before exposure to the treatment conditions, cells were grown in 12-well plates until 70% confluence. Detection of apoptosis was done by Annexin V/PI Assay (BD Pharmingen, Bedford, MA, USA), according to the manufacturer\'s protocol. Briefly, cells were collected by trypsinization, washed twice with PBS and stained with 5 μl of Annexin V-fluorescein isothiocyanate and 5 μl of PI (5 μg/ml) in binding buffer for 15 min at room temperature in dark. The apoptotic cells were determined by FACSVerse (Model RUO 3L8C) flow cytometer (BD Biosciences).

Detection of reactive oxygen species using 2',7'-dichlorofluorescin diacetate {#sec2-5}
-----------------------------------------------------------------------------

ROS was detected by staining the cells with a general oxidative stress indicator: 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA) (Molecular Probes, Grand Island, NY, USA). Cells were incubated with 10 μM CM-H2DCFDA for 30 min. The fluorescent intensity was recorded by excitation at 485 nm and emission at 535 nm using FACSVerse flow cytometer (Model RUO 3L8C, BD Biosciences).

Intracellular glutathione assays {#sec2-6}
--------------------------------

The intracellular GSH cell contents was quantified using a GSH/GSSG assay kit (Biovision, Mountain View, CA, USA) after 1, 2, 4, and 6 h exposure to the treatment under investigation. Cells were homogenized in an ice-cold GSH buffer, and proteins were removed by precipitation using perchloric acid and centrifugation. After neutralization of the supernatants using KOH, the GSH contents were determined using an O-phthalaldehyde (OPA) probe. In the assay, OPA reacts with GSH (not GSSG), generating fluorescence proportional to the GSH content. The fluorescence were measured at 420 nm (excitation 340 nm) using a Synergy HT Automated Microplate Reader.

Statistical analysis {#sec2-7}
--------------------

Quantitative data is presented as a mean ± standard deviation from three independent experiments, and *P* value was obtained by Student\'s *t*-test by using prism GraphPad software (GraphPad software Inc. La Jolla, CA, USA).

RESULTS {#sec1-3}
=======

N-acetylcysteine prevented apoptosis in Madin-Darby canine kidney cells {#sec2-8}
-----------------------------------------------------------------------

Percentage of apoptosis in MDCK cells was high after 24 h of incubation with 10 μM and 100 μM MTX \[[Figure 1](#F1){ref-type="fig"}\]. When MDCK cells were co-treated with 0.2 and 0.4 mM NAC% of apoptotic cells decreased significantly as compared to apoptosis in cells which were treated with MTX alone. This was true for both MTX concentrations \[Figure [1a](#F1){ref-type="fig"} and [b](#F1){ref-type="fig"}\].

![Apoptosis in Madin-Darby canine kidney cell line; (a) Percent of apoptotic cells at 24 h in Madin-Darby canine kidney cells, after the treatment with 10 μM methotrexate alone and in combination of 10 μM methotrexate and 0.2 and 0.4 mM N-acetylcysteine; (b) Apoptosis in Madin-Darby canine kidney cells at 4 and 24 h after the treatment with 100 μM methotrexate alone and in combination of 100 μM methotrexate and 0.2 and 0.4 mM N-acetylcysteine; \**P* \> 0.05, \*\**P* \> 0.00. I: Control (PI and Annexin); II: 10 μM methotrexate; III: 10 μM methotrexate + 0.2 mM N-acetylcysteine; IV: 10 μM methotrexate + 0.4 mM N-acetylcysteine; V: 100 μM methotrexate; VI: 100 μM methotrexate + 0.2 mM N-acetylcysteine; VII: 100 μM methotrexate + 0.4 mM N-acetylcysteine](IJMPO-36-243-g001){#F1}

Reactive oxygen species generation in experimental models {#sec2-9}
---------------------------------------------------------

Maximum ROS generation was observed 4 h after the treatment in MDCK cells after the treatment either with 10 μM or 100 μM MTX \[[Figure 2a](#F2){ref-type="fig"}\]. Co-treatment with 0.2 and 0.4 mM NAC led to significant decrease of ROS production \[Figure [2b](#F2){ref-type="fig"} and [c](#F2){ref-type="fig"}\].

![Percent changed of reactive oxygen species generation in Madin-Darby canine kidney cell line; (a) Percent of reactive oxygen species generation and total glutathione generation (nmoles) in Madin-Darby canine kidney cells after treatment with 10 or 100 μM methotrexate; (b) Percent of reactive oxygen species generation and total glutathione generation (nmoles) in Madin-Darby canine kidney cells at 1 and 4 h after co-treatment with 10 μM methotrexate alone and in combination with 0.2 and 0.4 mM N-acetylcysteine; (c) Percent of reactive oxygen species and total glutathione generation (nmol) in Madin-Darby canine kidney cells at 1 and 4 after co-treatment with 100 μM methotrexate alone and in combination with 0.2 and 0.4 mM N-acetylcysteine. \**P* \> 0.05, \*\**P* \> 0.001](IJMPO-36-243-g002){#F2}

ROS generation corresponded with GSH production in all experimental conditions. When cells were treated with low (10 μM) or high (100 μM) concentrations of MTX, GSH production was depleted in a time-dependent manner \[[Figure 2a](#F2){ref-type="fig"}\]. Again, minimum GSH production was observed at 4 h \[Figure [2b](#F2){ref-type="fig"} and [c](#F2){ref-type="fig"}\].

Does N-acetylcysteine compromise antitumor effect of methotrexate in B-cell lymphoma? {#sec2-10}
-------------------------------------------------------------------------------------

There was no change observed in percent of apoptotic cells after 4 or 24 h of incubation \[Figure [3a](#F3){ref-type="fig"} and [b](#F3){ref-type="fig"}\]. Suppressive effect of MTX on the proliferation of B-cell lymphoma cells also was not compromised by NAC in the studied concentration confirmed by a cell proliferation assay \[Figure [4a](#F4){ref-type="fig"} and [b](#F4){ref-type="fig"}\].

![Percent of apoptosis in B-cell lymphoma cell line; (a) Comparison of percent of apoptosis in B-cell lymphoma cells at 24 h after treatment with 10 μM methotrexate alone and in combination with 0.2 and 0.4 mM N-acetylcysteine; (b) Comparison of apoptosis in B-cell lymphoma cells at 24 h treatment with 100 μM methotrexate alone and in combination with 0.2 and 0.4 mM N-acetylcysteine; \**P* \> 0.05; NS: Not significant](IJMPO-36-243-g003){#F3}

![Cell proliferation assay in B-cell lymphoma cell line; (a) Comparison of cell proliferation in B-cell lymphoma cells at 24 h after the treatment with 10 μM methotrexate alone and in combination with 0.2 and 0.4 mM N-acetylcysteine; (b) Comparison of cell proliferation in B-cell lymphoma cells at 24 h after the treatment with 100 μM methotrexate alone and in combination with 0.2 and 0.4 mM N-acetylcysteine](IJMPO-36-243-g004){#F4}

DISCUSSION {#sec1-4}
==========

High-dose of MTX is related with toxicities. MTX toxicity mainly affects liver, kidneys, skin, lungs, bone marrow, and gastrointestinal system, particularly the oral mucosa.\[[@ref18]\] The effectiveness of MTX, as an anticancer agent, is frequently limited by severe renal toxicity in cancer patients.\[[@ref18]\] MTX mainly cleared by kidney, MTX-induced renal toxicity can be life threatening as it may affect MTX excretion resulting in a high concentration of MTX in plasma and related other adverse events.\[[@ref19]\] Some clinical studies results demonstrated that temporary decline in GFR is comparatively common during MTX treatment.\[[@ref20][@ref21][@ref22]\] MTX have a direct toxic effect on renal cells which may leads to permanent tubular damage.\[[@ref23]\] Genestier in 2000 has been proposed the possible mechanism of MTX action in leukemia patients he suggested that MTX leads to decrease in purine synthesis and subsequently decrease in DNA synthesis which leads to apoptosis.\[[@ref23]\] However, how does MTX affects the nonmalignant cell is unclear. Our results also indicated that percentage of apoptosis increased in tubular cells when incubated with MTX in a dose-dependent manner and was observed after 24 h.

In normal cells, including renal MDCK cells, the metabolic process and production of ROS might be very different from the tumor cells. The data showed that as in the tumor cells, in renal tubular cells, apoptosis increased with increasing MTX concentrations.

Preincubation of MDCK with the antioxidant NAC decreased MTX-induced ROS production. This shows an interaction between the MTX apoptotic and pro-oxidant effects and the susceptibility of proximal tubular cells, which causes nephrotoxicity. A suppression of the antioxidant defense system by MTX may play a role in the heightened ROS generation in MDCK cell line. In this study, when MDCK cells were incubated with NAC, ROS production significantly decreased at 4 h as compared to when treated with MTX alone. This is because NAC inhibit ROS production by GSH. NAC, a thiol antioxidant, when added has blocked oxidative stress induced MDCK cell apoptosis. This is consistent with the concept that an apoptotic death signal was triggered by an early loss of GSH-to-GSSG balance.\[[@ref24]\] To put it briefly, in proximal tubular cells, MTX-induced apoptosis by ROS production while NAC, an antioxidant, prevented apoptosis. The inhibition MTX-induced apoptosis by NAC was found to be of a lesser extent in B-cell lymphoma than in MDCK cells.

CONCLUSION {#sec1-5}
==========

NAC may provide renoprotection in MTX-induced nephrotoxicity without affecting B-cell lymphoma cell apoptosis.
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